SINGLE-ELECTRON CHARGING 
OF SELF-ASSEMBLED InAs QUANTUM DOTS 
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The many-particle ground state and excitations of self-assembled InAs quantum 
dots are investigated using far-infrared (FIR) and capacitance spectroscopy. The 
Oh! contributions of quantization and charging energies to the n-electron energy 

spectrum are determined. For n = 1, 2, we find good agreement with a parabolic 
model; for higher filling, the Coulomb interaction reveals itself not only in the 
capacitance, but also in the FIR excitations. 



The mechanisms that lead to the formation of three-dimensional islands in the 
epitaxial growth of strongly lattice-mismatched materials have been known for sev- 



eral decades.0 However, only in recent years it has been realized that this growth 
mode is suitable for the fabrication of well defined, nm-size quantum dots in the 10 
nm rangeB&Si This size is of particular interest, since the three-dimensional car- 
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rier confinement that is present in such dots leads to energy quantization that is 
large enough to make use of the associated £-like density of states even at elevated 
temperatures. Furthermore, quantization energies and Coulomb contributions to the 
energetic structure of the carrier system in such small dots are of comparable size. 

Here, we investigate self-assembled InAs quantum dots by capacitance and far- 
infrared (FIR) spectroscopy. Whereas the former experimental technique probes the 
ground-state of the many-electron system in the dots, the latter is sensitive to its 
excitations. The combination of both techniques therefore allows for a detailed inves- 
^ ■ tigation of the different contributions to the electronic structure of the dots. 

The samples are grown by molecular beam epitaxy on semi-insulating GaAs. The 
InAs dots are embedded into a metal-insulator-semiconductor field-effect-transistor 
(MISFET) structure, which allows for an in situ tuning of the electron number per dot 
by application of a suitable gate voltage. The MISFET structure consists of a heavily 
doped back contact, 175 nm below the surface, 25 nm GaAs spacer layer, the InAs 
self- assembled dots with the associated wetting layer, 30 nm GaAs spacer, 116 nm 
Alo.75Gao.25As digital alloy barrier layer, followed by a 4 nm GaAs cap. Details of the 
growth procedure used for the formation of the InAs dots can be found, e.g., in Refs. 
ii. We estimate the dots' diameter and height to be 20 nm and 7 nm, respectively. 

Small samples are cleaved from the wafer, wedged, and provided with Ohmic 
contacts and a semi-transparent gate. They are then mounted in a liquid-He cryostat, 
equipped with a superconducting solenoid, capable of producing fields of up to B = 15 
T, perpendicular (_L) as well as parallel (||) to the plane of the dots. 



Fig. 1. Capacitance-voltage traces at B = and B± = 12 T. Numbers indicate electrons per dot. 
Curves are offset for clarity. 



The FIR transmission of the sample was recorded using a rapid-scan Fourier 
transform spectrometer, the capacitance was measured in situ by standard lock-in 
technique. 

Figure 1 displays typical capacitance traces of our samples at B = and B± = 
12 T. At very low gate bias, V g < —1 V , the signal is given by the geometric capac- 
itance between the top gate and the doped GaAs back contact. At V g = —0.9 V a 
sharp increase of the capacitance indicates the charging of the lowest electron state in 
the dots.i Even though this state (the s-state) is doubly spin degenerate, the second 
electron is loaded at a somewhat higher gate voltage of —0.7 V, because the 2-electron 
ground state is affected by the repulsive electron-electron interaction, which leads to 
the well-known Coulomb blockade effect Ji 

Taking into account the image charge induced in the metallic back gate, the 
difference between 1- and 2-electron ground state, Ei i2 , can be related to the gate 
voltage difference AV g between charging peaks by 

E 1>2 = e^AV 9 + (1) 
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Here, t b ist the distance between the back contact and the dots and t tot is the 
distance between the back contact and the gate. For the present sample, with U = 25 
nm and tb/t tot = 1/7, we find E% t2 = 23.3 meV. 

In our oblate, nearly circular dots, the next higher (p-) state is expected to be 
fourfold degenerate at B — 0, so that the Coulomb charging energy is expected to 
result in four, roughly equidistant charging peaks. For the present sample, these have 
merged into one broad resonance (in small-scale samples with less inhomogeneous 
broadening, however, the individual peaks can be resolved 0) . When a perpendicular 
magnetic field is applied, the Zeeman term leads to a splitting of the p-state, with 
two electron levels moving down and two electrons moving up with increasing field.! 
This can be observed in the upper trace in Fig. 1. The combined energetic shift is 



Fig. 2. (a) Normalized ground state energy difference as a function of magnetic field, (b) 
Contribution to from magnetic-ficld-induced compression. 



directly given by the cyclotron energy hu c = TieB / m* ,Em which allows us to extract 
an effective mass of m* = 0.066 ±0.015 m e . This value is considerably higher than the 
conduction band edge mass of InAs, which is partly due to the high nonparabolicity of 
this material and partly to the fact that a large fraction of the electron wave function 
leaks into the GaAs barrier layers. 

As seen in Fig. 2, E\ i2 is almost independent of magnetic field. Careful evaluation 
of the peak structure, however, shows that Ei >2 increases by ~ 2% when a magnetic 
field of 12 T is applied perpendicular to the plane of the dots (solid data points 
in Fig. §(a)). Apart from spin-splitting, this shift can be attributed to an increase 
of the Coulomb energy caused by a magnetic-field-induced compression of the wave 
function. Following an argument by Merkt et a/.,i we calculate the Coulomb inter- 
action in parabolic approximation, E^ e = e 2 /(47iEEo£), with a characteristic length 



of the ground state wave function, £ = Jh/ (m*uj), which is magnetic field dependent 



The contributions from spin and magnetic compression can be distinguished by 
their dependence on the direction of B: Because of the large confinement in the 
growth direction, only the spin splitting contributes to Ei j2 for parallel magnetic fields 
and the associated shift (open symbols) is only about half of that for perpendicular 
field. As shown in Fig. 2(b), the difference between Ei^(B\\) and E\p{B±) can be well 
explained by a magnetic-field-induced compression of the ground state wave function, 
using the above expressions for Ef^ e . From the splitting in a parallel field, Ei t2 (B\\), 
we extract an effective ^-factor of gdot ~ 0.4. 

Figure 3 gives an overview of the measured FIR resonance positions as a function 
of magnetic field for different electron occupation numbers. For n e = 1, 2 (Fig. 3(a)) 
we find the characteristic two-mode spectrum of a parabolically confined electron 
system (solid lines) with a confinement energy of hoo® = 49 meV. 

This situation changes drastically, when the p- state starts filling and transitions 
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Fig. 3. Far-infrared resonance positions as a function of magnetic field. 



between higher lying states become possible.^ As seen in Fig. 3(b), then the upper 
mode, co> + , splits up into three resonances. This behavior of the a; + -mode can be ob- 
served for n e = 3, 4 and 5 and shows the importance of electron-electron interactions 
when the p-shell is partially filled. For n e = 6 we again observe just two resonances, 
however, with a dispersion that strongly deviates from that of a parabolic dot. 

In comparing the results from capacitance and FIR spectroscopy^ we find good 
agreement between the characteristic length derived from i = e 2 / {AtteeqEi^) = 4.9 
nm and t = J%j (m*uJo) = 4.4 nm. This nicely demonstrates the applicability of the 
models used and shows the compatibility of both experimental techniques 
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